In convcntional three phase current hysteresis controllers, the current error along the three phasc axes arc indcpendcntly controllcd. This will result in random selection of switching vectors causing high inverter switching losses. In this paper, a space phasor based multi axis current hysteresis controller is proposed, in which thc current error along the orthogonal axes (jA, jB, jC ) are monitored. The current error boundary is a hexagon. The proposed control scheme can be implemented using simple look up tables. The advantages of thc proposed current hysteresis controlled PWh4 scheme, when compared to other multi level currcnt hysteresis controllers, is that only the adjacent vectors close to the motor back emf space phasor voltage, is only used for the inverter switching, for the entire speed rangc (optimum PWM switching). In thc present scheme, thc selection of the inverter voltage vectors for optimum PWM switching is achieved by, without any computation of the machine voltage space phasor, for the full speed rangc of the drive system. The proposed scheme is self adapting, as far as the motor space phasor voltage is concerned, and also maintains the controller simplicity and quick response features of a hysteresis current controller. The schemc is simulatcd and also experimentally verified.
Introduction
Conventional hysteresis currcnt controllers with independent control in each phase has excellent dynamic performances [ 11. But thcsc type of controllcrs will go into limit cycle high frequency switching, at low back emf voltages. Also, the current error may reach twice the value of hysteresis band [2]. Predictive current controllers, with optimised PWM switching and with reduced switching frequencies, require complicated off line computations and complex implementation schemes [31 [4] . Other fast acting current controllers with optimum PWM requires, the position and magnitude idormation of the motor back emf. The back emf computation, such as based on the derivative of the high frequency current error, is also quite complex to implement [5]. Space phasor based current controllers are based on current error regulation in orthogonal CO- ordinates ( a, p-axes ) [6] .
Here multi level hysteresis controllers are used along the orthogonal axes. The appropriate switching vectors are chosen from simple look up tables, to limit the current error within the hysteresis boundary [6] [7]. These controllers have very good dynamic behaviour as well as good performance in the steady state. In such schemes, in order to limit the w e n t error, vectors near to the machine voltage ( V m -back emf voltage space phasor ) is not always s e l e c t e d , s t i n g in non -optimum P W M switching pattern [6] [7]. This will increase the number of inverter switchings in a cycle, resulting in high inverter switching losses.
In the following section, a multi axis ( jA, jB, jC ) space phasor based current hysteresis controller is explained. The proposed scheme selects adjacent vectors close to the machine voltage space phasor (irrespective of the machine voltage amplitude IVm I and position) , in a sector, for P W current hysteresis control. The proposed scheme is self adapting and does not require any V a computation and at the same time I simplicity of the controller design using analog circuits and look up table P W M vector selection, is maintained as in the case of other hysteresis controllers.
Space Phasor Based Multi Axis Hysteresis

Current Controller
In space phasor based current hysteresis controllers, using orthogonal axes (a, b), the a -axis is placed along the Aphase coil axis and the b -axis is placed perpendicular to the A-phase coil axis (jA ). In the proposed scheme, the current error space phasor AI(t) -(Imschine -Id-) is monitored along all the three orthogonal axes (jA, jB, jC ), where, jA, jB, jC axes are the perpendicular axes for phase-A phase-B and phase -C axes, respectively. The resulting hysteresis band is a hexagon, as shown in Fig.   1 . The current error nioniloring along jA, jB, jC, axcs can be achieved by, thc current sensors along phase-A , and phase-B, and phase-C axes, and using simple analog circuits ( eqn.
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In conventional independent hysteresis controllers, with out put states +1 or -1 , the curretit error has to reach the boundary, and should cotne back along the saine axis, for repeated switching of the same state. This means, for the same axis, the +1 and -1 states are repeated alternately , one after the other. But in multi axis space phasor based current hysteresis controller ( proposed in this paper) , the current error space phasor is controlled and it can go in any randoni direction within the hexagonal boundary (Fig. 1) jB, jC axes, with a hysteresis band AI , which is slightly grcatcr than AI ( Fig. 5) . 'The scctor sclcction is explaincd in the following section.
for multiaxis current controller
Sector Selection for The Muti Axis Current Controller
Thc scctor sclcction controllcr, proposcd hcrc is simple and self adapting, and is realised using three hysteresis coniparators along lhe jA, jB, j C axes (Fig. 5 ). (Fig. 6 ) is for the zero vector. Now, in sector-1, the tnotor voltage space phasor v m can only be within the triangle ( including the sides AC and BC ) CAB (Fig. 6) , and let the maximum amplitude Iv,( can trace the side AB.
When I 'n1 is along CA ( with amplitude equal to CA), the direction is along AB, when vector -v 2 is switched.
Similarly, for the I & along CB , the 4 direction is along CB , when v2 is switched. In space phasor based PWM with constant switching frequency, the current error always starts from the origin, after a sampling period 181. In current hysteresis controlled PWM scheme the current error space phasor always starts from the hysteresis boundary, when a are also shown in Fig.7a . The current error phasor ( &(t) ) direction boundary, in all the sectors , for appropriate voltage vector switching, for optimum PWM switching, is presented in Fig. 7 . In the proposed hexagonal hystcrcsis boundary, the current error phasor starts from a hysteresis boundaty point, and follows parallel to one of the direction lines, shown by the triangular direction boundaries in Fig. 7 , dcpcnding on the voltage vcctor and tlic scctor, till it rcachcs tlic corresponding hexagonal boundary. For example, when the voltage vector --v2 is switched , the current error phasor ( AI(t) ) , starts from a hcxagonal boundary and follows any one of the directions withii, the direction boundary ( Fig.%.) CD and CB till it reaches the other side. Now drawing all parallel lines to CD and CB, and also to lines within the triangular direction boundary CD and CB, the hexagonal boundary region along which only, the current error phasor hits the hysteresis boundary, in sector-1, for vector v-2 switching will be obtained ( Fig. sa. ). This region is for any possible -V m in sector-1, when v 2 is switched. Similarly the boundary region fory2 in sector-2 is shown in Fig. 8b . axis (Fig 9 ) , thc cliangc with respect to time, for the component of the current error phasor (&(t)). will be maxirnum along ' -jB ' axis, wlien v2 is switched (Fig.9. and Tab1e.l) For the sninc vcctor position. when thc zero vector is s\%itched ( in scctor -I), tlic maxiniuni current error change will be along ' -jA' axis ( Table-1 and fig. 9 ). When y m is along v 2 axis ,the &(t) variation is parallel to the hexagonal boundary AG (Fig 8b.) , and the rate of change 0 1 current error phasor componcnt along 'jC' axis (FIG. Sb) is zero ( sector -1 ). Now as v m moves Lo sector-2, the currcnt error phasor U(t) component along jC axis increascs, for the -v2 and zcro vcctor ( 2 ) switching , and it crosscs tlic inncr hysteresis limit AI ( along jC axis ) cutting the hcsagonal boundary AG (Fig. 8b) . According to Table-1, the vector switching, for jC axis limit crossing is again the voltage vector v-2 ,for sector-1. So the currcnt error again continucs to increases along j C axis ( now y m is in sector-2 and switching vector selection is still from sector -1) and finally crosses the outer AI boundary (Fig. 9) , changing tlic scctor selection from sector-1 to sector -2 ( Fig3 and Fig.9 ). The invertcr voltage vector variation, during the scctor change is markcd by an arrow in Tablc -v, to thc ncxt sector, the current error componcnt along one of the three axes (jA, jB, jC) crosses the outer hexagonal boundary, for evcry scctor change (Fig.9 ) This transition is detected and tlic scclor sclcction is changcd accordingly (Fig. 5) .
The proposcd scheme is simulated , using SIMULINK Fig. 12 . The present sclicnie is also siniulatcd in the upper frequency range, and the motor phasc voltage waveform obtained from the proposcd scheme is shown in Fig.13 . Both the voltage waveforms (Fig 11 and Fig. 13 ) confirms that only adjacent vccfors forming a scctor, closc to the machine voltage space pliasor in that scctor, is only clioscn for current control ( optimum PWM opcration). Tlic rcsulting hexagonal current error boundary obtaincd, for the proposed scheme, is shown in Fig. 14. 
Experimental Results
The scheme is experimentally verified on a 5 H p induction motor drive ( no load operation), using current sensors and simple look up Fig. 18 . The hexagonal current error boundary proposed for the present scheme is clearly visible in Fig.18 . The frequency spectrum of the phase voltage and current ( Fig. 19 and Fig. 20) waveforms do not show any high amplitude harmonic peaks, as in the case of other sectors uniformly, depending on the machine back emf space phasor and the hysteresis bands). 
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